Jet-medium interactions are studied via a multi-hadron correlation technique (called "2+1"), where a pair of back-to-back hadron triggers with large transverse momentum is used as a proxy for a di-jet. This work extends the previous analysis for nearly-symmetric trigger pairs with the highest momentum threshold of trigger hadron of 5 GeV/c with the new calorimeter-based triggers with energy thresholds of up to 10 GeV and above. The distributions of associated hadrons are studied in terms of correlation shapes and per-trigger yields on each trigger side. In contrast with di-hadron correlation results with single triggers, the associated hadron distributions for back-toback triggers from central Au+Au data at √ sNN =200 GeV show no strong modifications compared to d+Au data at the same energy. An imbalance in the total transverse momentum between hadrons attributed to the near-side and away-side of jet-like peaks is observed. The relative imbalance in the Au+Au measurement with respect to d+Au reference is found to increase with the asymmetry of the trigger pair, consistent with expectation from medium-induced energy loss effects. In addition, this relative total transverse momentum imbalance is found to decrease for softer associated hadrons. Such evolution indicates the energy missing at higher associated momenta is converted into softer hadrons.
PACS numbers: 25.75.-q
I. INTRODUCTION
Angular di-hadron correlations with respect to a single charged or neutral high-p T trigger at the center-ofmass energy per nucleon pair √ s N N = 200 GeV have been found to differ significantly between heavy ion events and more vacuum-like pp or d+Au collisions. On the awayside (∆φ ∼ π) of the trigger hadron, broader correlation distributions and softer transverse momentum (p T ) spectra of associated hadrons have been reported for central Au+Au events [1, 2] . In some associated hadron p T ranges (∼2 GeV/c) the modified away-side no longer resembles the jet-like peak but shows a concave shape near π. Novel features have also been discovered in Au+Au data on the near-side (small relative azimuth) of the trigger hadron: a long-range longitudinal plateau in relative pseudorapidity (∆η), called the "ridge" [3] . Multiple theoretical models have been proposed to simultaneously explain these structures, including in-medium parton energy loss [4] [5] [6] [7] [8] [9] and initial state medium fluctuations leading to higher-order flow components such as the triangular flow (v 3 ) [10] . However, experimental measurements based on 2-particle correlations with respect to high-p T trigger introduce surface bias for the initial hard scattering. Thus the partons and subsequently formed jets on the near-and away-sides can be affected by different underlying physics. On the other hand, di-hadron correlations between two high-p T particles exhibit jet-like peaks in both near-and away-sides [11, 12] with little shape modification from d+Au to central Au+Au, but a strong suppression on the away-side amplitude. This observation may be interpreted in two jet-medium interaction scenarios. One possibility is in-medium parton energy loss followed by in-vacuum fragmentation, which naturally explains the observed high-p T inclusive hadron suppression, R AA , defined as a ratio of spectra measured in Au+Au collisions with respect to binary-scaled pp reference [13, 14] . Such scenario can also explain little to no modifications of near-side peaks in the two-particle correlations (I AA ) [11, 12] ; however, lack of broadening on the away-side of such correlation functions poses a challenge for this model [12] . Alternatively, there could be a finite probability for both partons to escape the medium without interactions. In the model this could be simplified as the "core/corona" model, where the dynamics of jets and di-jets in the medium are the same as in vacuum, unless they traverse the "core" of the medium where they are fully absorbed. In such scenario, the relative high p T pertrigger yield I AA on the away side, would be expected to be equal to the relative inclusive single high p T particle yield R AA . Varying the surface bias experimentally could allow differentiating between the models.
The analysis presented in this paper uses a 3-particle ("2+1") correlation technique for the data from the Solenoidal Tracker at RHIC (STAR) [15] . A pair of back-to-back high-p T trigger particles is used as proxies for di-jet axis, and angular correlation of lower-p T charged hadrons with respect to back-to-back trigger pair is considered. This technique was first introduced in the previous STAR publication [16] . In the early work, the primary trigger (T1) and its back-to-back secondary trigger partner (T2) had similar kinematic thresholds of (p
T1
T > 5 GeV/c and p
T2
T > 4 GeV/c). Following previous works, the near-side is defined as η − φ region close to trigger T1, and away-side is the η − φ space close to the away-side trigger T2. It has been found, that such di-jet-like correlations from central Au+Au collisions are similar in both shape and magnitude to those observed in d+Au events at the same incident energy on both nearand away-sides. This suggested a strong surface (tangential) bias of selected di-jets [16] .
In this paper the analysis is further extended to higher primary trigger thresholds. We attempt to use the asymmetry in the energy of the two back-to-back triggers as a tool for changing the surface bias. The expectation is that such asymmetry can partially arise from a longer path length that the away-side parton must travel in the medium, thus producing differences in the balance of final jet energies. To control the degree of the surface bias we vary the relative balance between the energies of the primary trigger T1 (near-side) and its back-to-back trigger partner T2 on away-side. For the most asymmetric trigger pair selection in this work the primary trigger has more than twice the energy of its back-to-back partner. The correlation functions and the spectra of associated charged particles around each trigger within ∆φ < 0.5 and |∆η| < 0.5 are measured and compared between Au+Au and d+Au reference data.
The total transverse momentum of each side of a di-jet is then calculated by summing the p T for all associated charged hadrons plus the trigger E T or p T . The di-jet energy imbalance, ∆(ΣE T ), is calculated as difference between the total transverse momentum between the sameside and away-side jet-like peaks. The absolute value of the imbalance could be affected by the kinematic selection of the trigger pair unrelated to the jet-medium interactions, for example, by the k T effect. To provide quantitative assessment of jet-medium interaction effects and allow discriminating of the theoretical models, the relative di-jet energy imbalance between Au+Au and d+Au data is more informative.
II. DATA SETS
In this work the d+Au and Au+Au collisions at Earlier measurement has been previously reported in [16] ; we will use these results here for comparison. The details of new datasets and analysis selections are discussed below. For a more uniform detector acceptance only events with a primary vertex position V Z within 25 cm of the center of the STAR Time Projection Chamber (TPC) along the longitudinal beam direction were used in the analysis. Run 2007 provided 74M Au+Au minimum-bias (MB) events. These MB events were selected by requiring at least one hit in the Vertex Position Detectors (VPD) located on each side of the TPC 4.5 m away from the nominal interaction point. A subset of such events with additional requirement of at least one high-energy tower (with transverse energy E T > 5.75 GeV) in the Barrel Electromagnetic Calorimeter (BEMC) is referred as the "high-tower trigger data". Run 2008 collisions provided 6M d+Au high-tower triggers (with E T > 4.3 GeV) and 46M VPD minimum-bias triggered events. To maximize any medium effects, this work focuses on the analysis of 0-20% most central Au+Au events.
The BEMC clusters are each built from a set of closely neighboring calorimeter towers and shower-max detector strips with appropriate shape and quality cuts. BEMC cluster with the highest transverse energy of at least 8 GeV was selected as the primary trigger (T1). The triggered events were grouped into two different bins with E T ∈ [8, 10] GeV and E T ∈ [10, 15] GeV. A highestp T charge particle in the back-to-back azimuthal region (|φ T1 − φ T2 − π| < 0.2) is selected as the back-toback partner trigger (T2) with kinematic requirement of 4 < p T2 T < 10 GeV/c. This width of 0.2 is an approximate width of the away-side peak in the high-p T trigger-trigger correlation [11] , ensuring a good balance between the di-jet purity and signal-to-background ratio. For proper primary trigger designation it is also required that the momentum of the secondary trigger is less than that of the primary one. The new data sets, especially benefiting from implementation of triggering capabilities of the STAR BEMC detector, allowed for significant improvement of the kinematic reach of this study, and thus larger asymmetry span in the back-to-back trigger partner selection. The primary trigger T1 threshold has been moved up by a factor of two while still maintaining a good energy resolution. The correlation is constructed with all other charged hadrons in an event. These associated particles are required to have transverse momentum 1.0 < p assoc T < 10 GeV/c, and are divided into groups with different lower thresholds, [1, 10] , [1.5, 10] , [2, 10] , and [2.5, 10] GeV/c. The kinematic selection for associated hadrons is intended to cover the region where the broadening of the away-side correlation and the near-side ridge were previously reported in the 2-particle correlation measurements [1, 3] .
The associated charged particles reconstructed by TPC are required to pass a set of track quality cuts. Midrapidity |η| < 1.0 tracks selected are required to have at least 20 fit points for good momentum resolution, and a distance of closest approach (DCA) to the primary vertex of less than 1 cm. A fiducial cut of |η| < 0.75 is also required for the center of each EMC cluster. The highp T charged particle contamination in the BEMC trigger sample is removed by the following charged veto cut: a BEMC-cluster trigger is rejected if a charged particle with p T > 1.5 GeV/c is projected to a point within |∆φ| < 0.015 and |∆η| < 0.015 of the center of the cluster.
III. ANALYSIS METHOD

A. Building the Correlation Functions
The correlation functions studied in this work are defined as
where N trig is the number of trigger pairs, d
2 N raw /d∆η d∆φ is the associated hadron distribution relative to each trigger in correlated (T1, T2) pair, and ǫ pair is a correction factor for single-track efficiency and pair acceptance effects. The d 2 N Bg /d∆η d∆φ represents a background term, originating predominantly from randomly associated pairs and correlations due to anisotropic flow. Background scaling factor, a zyam , is described in the text below. The tracking reconstruction efficiency is derived by embedding single Monte-Carlo tracks into the real events and reconstructing the combined event. To account for the η, φ, p T and multiplicity dependence of the single track reconstruction efficiency, the correction factor is calculated for each track individually and applied on a track-by-track basis. The pair acceptance correction is derived by the mixed-event technique. For the event mixing all accepted events with primary vertices |V Z | < 25 cm are divided into ten 5 cm-wide bins. The events are also grouped into 3 centrality sub-classes, corresponding to 0-5%, 5-10%, and 10-20%. The triggers are then only mixed with associated particles from minimum bias events of the same V Z and centrality bin to better reflect acceptance of real events and avoid potential trigger biases. Because the azimuthal acceptance of the STAR detector is uniform, the trigger pairs are used as a whole when mixing with minimum bias events, without the requirement for a correction to account for acceptance variations with respect to the second trigger direction alone. The two-dimensional (∆η-∆φ) mixed-event correlation function is scaled such that the highest ∆η ∼ 0 bin is normalized to unity (see e.g. Fig. 1 b) . The raw correlation function (N raw ) is then divided by this normalized mixed-event distribution, shown in Fig. 1 .
B. Background Subtraction
The background term
d∆ηd∆φ in Eq.1 for each correlation function originates predominantly from random combinatorics and correlations induced by collective flow. The shape of this background is described by multiple components of a Fourier decomposition, with main contribution in the kinematic region of this analysis from the second-order Fourier component usually associated with elliptic flow (v 2 ). The multiplicity and p T dependence of v 2 for triggers and associated particles are obtained from existing STAR measurements [17] . To reduce the effect of fluctuations in our v 2 estimate we average the results of Event Plane and Four-particle Cumulant methods [18] . For p T > 4 GeV/c the elliptic flow magnitude is assumed to be constant and at the level reported in the high-p T pion flow measurement [19] . This assumption is justified since the majority of charged hadrons at these momenta are charged pions [13, 14] , and high-E T clusters used in this work are mainly produced by high-p T π 0 [20] . Due to the back-to-back requirement of trigger pair selection, the distribution (apart from efficiency and acceptance effects) is modulated by f (∆φ) = 1+v
is resulting flow modulation for three-particle correlation [21, 22] given by
. (2) Here α=0.2 is the half-width of the back-to-back trigger cone. The overall background level a zyam is estimated with the Zero-Yield at Minimum method [23] [24] [25] . Each 2-D correlation function within |∆η| < 1.0 is first projected on relative azimuth to optimize signal-to-noise ratio and avoid fluctuations at the edges of the TPC acceptance. Then the zero-yield region for the "2+1" correlation is chosen to be consistently at least 1.3 radians away from both jet-like peaks at ∆φ = 0 or π . We note, that this is more than 3σ of jet-like peak widths if fit by a Gaussian. A double Gaussian plus a v 2 -modulated background fit is also used for the background level estimate to evaluate systematic uncertainty of the ZYAM method. The transverse momentum spectra for associated hadrons in the jet peaks is obtained in a similar manner from the p T -weighted correlations selecting the hadrons within 0.5 radians in relative azimuth and 0.5 in relative pseudorapidity of the respective trigger direction. An additional background term is related to the randomly associated triggers in the initial selection of the trigger pairs [23] . The signal-to-noise ratio is measured from the trigger-trigger correlation to estimate the relative contribution per trigger pair for such random associations. The correlation contribution due to this background is constructed from two independent 2-particle correlations for T1 and T2 trigger selections separately as in [16] . The ZYAM method is also applied to these 2-particle correlations, and the zero-yield region is set to be [0.8, π − 1.9] relative to the trigger, also to avoid both jet-like peaks on near-and away-sides. An example trigger-trigger correlation to illustrate signal to noise ratio in trigger pairs is presented in Fig. 2 a. The dashed line shown in the figure illustrates the ZYAM level. The number of true di-jet triggers and random pairs is obtained from counting the entries above and below the ZYAM, respectively. The 2-particle correlation used as an estimate of correlated background contribution corresponding to kinematic selection of first and second triggers are shown in Fig. 2 b and c, respectively . We note the known ridge-like structures evident in these 2-particle correlations as expected.
A sample set of fully corrected "2+1" correlation functions is shown in Fig. 3 , with the background induced by uncorrelated trigger pairs and the v 2 -modulation removed. In the following sections we will present all the correlation functions measured for the small relative angles only on both trigger sides to focus on the jet-like peaks.
An additional test was conducted to estimate possible effects from higher-order flow terms, such as v 3 , on the correlations. This was done by including higher-order flow terms into the fit of final correlation functions such as in Fig. 3 . We found the effects of v 3 to be negligible in the kinetic regime of this analysis. This result is reasonable as higher-order flow terms are generally explained by the "soft" and "non-jet" sources; thus the jet-dominant source of our trigger pairs could naturally lead to little or no v 3 contribution. Independent measurements [26] also confirm that the contributions from higher-order v 3 and v 4 terms are much smaller than v 2 in the trigger p T region of this paper. Therefore no corrections for flow terms other than v 2 are included in this analysis.
IV. RESULTS
A. Correlation Functions and Spectra
In this section we present results obtained from fully corrected correlations for each p T bin studied for both d+Au and Au+Au datasets. In Figs. 8 and 9 the ∆φ and ∆η projections of 2-D correlation plots for the asymmetric back-to-back triggers studied are shown. The associated hadron transverse momentum selection for projections shown is [1, 10] GeV/c, the lowest associated p T bin studied. Also shown are the transverse momentum spectra for the associated charged particles within a 0.5x0.5 (∆η x ∆φ) area of each trigger, the region containing the dominant part of the jetlike peak. Only statistical errors are included in each of the plots; the systematic errors are strongly correlated between the near-/away-side signals of each collision system and are discussed in detail in the text. We find that for each T1 bin studied, the correlation functions and associated particle spectra from Au+Au events are similar to those observed in the d+Au data in spite of increased asymmetry between T1 and T2 triggers. The near-side yields of both the d+Au and the Au+Au data are smaller than their respective away-side yields, and the near-side Au+Au yield slightly drops when E T of T1 increases from [8, 10] to [10, 15] GeV. Both observations are possibly due to the increased direct γ contamination. This effect will be further discussed later.
B. Systematic Errors
Several sources of systematic uncertainties have been evaluated as outlined below. The single track reconstruction efficiency for each centrality and p T bin was derived as a 2-D function of η and φ. The estimated uncertainty for this correction is 5% in each centralityp T -η-φ bin. This uncertainty is reduced to 1% when the correlated yields of the near-side are compared to those of the away-side from the same data sample since the multiplicity-dependent effects cancel. The finite statistical uncertainty on the mixed-event correlation leads to a systematic uncertainty in the pair-acceptance correction. This error is estimated to be less than 5% for each centrality bin. The uncertainty due to anisotropic flow contribution is estimated from the difference in the v 2 results from the Event Plane and Four-particle Cumulant methods. While the fluctuations of v 2 itself can be large, the final effect is relatively small due to the evident jetlike peak shapes on both trigger sides. This uncertainty is found to be 5% in the central Au+Au. This uncertainty is largely correlated between the near-and away-sides. It is not applicable to d+Au events where no v 2 modulation is included. Since higher-order Fourier terms, such as v 3 and v 4 , have little effect on this analysis, no systematic uncertainties are assigned from these sources.
The systematic uncertainty due to the ZYAM normalization of the background level was estimated by varying the ∆φ range from which the minimum used in the ZYAM method was derived. Other background assumptions, such as a double-Gaussian plus v 2 -modulated background are also used to estimate the scale of this uncertainty. The corresponding systematic uncertainty is found to be less than 5% in this analysis. This uncertainty is strongly correlated between near-and awaysides and cancels in relative side-to-side comparisons.
The systematic uncertainty due to the correlated background subtraction from the di-jet sample is determined to be less than 3% for both d+Au and Au+Au events, and is particularly small in the high-E T trigger ranges where signal-to-background ratio is high. This error is also correlated between the near-/away-sides, and is estimated by varying the background normalization for the trigger-trigger correlation in a manner similar to that used for the "2+1" correlation. Since 2-particle correlations were used for the correction of random com- binatorics of trigger pairs, the uncertainty in such dihadron distributions arises mainly from the aforementioned sources: uncertainty in v 2 and ZYAM normalization. These uncertainties were evaluated in a similar manner as above and the results are estimated to vary from less than 1% in d+Au events up to about 5% in central Au+Au data.
Despite the charged-veto cut, there are still possible contributions to the BEMC cluster trigger energy from low-p T charged particles. This contribution is estimated via averaging the energy of those BEMC towers which are far from each trigger and pass the hot map cuts. The charged track signal contamination to the high energy tower cluster was estimated to be 2.5% in central Au+Au and less than 1% in d+Au.
The overall systematic uncertainty in each triggerassociated combination bin is less than 15% after all the contributions mentioned above are summed in quadrature. This is the level of uncertainties important for absolute measurements of the near-/away-side correlation functions or spectra in each collision system. The systematic errors are dominated by sources strongly correlated between near-/away-sides, and will therefore mostly cancel when near-and away-sides are compared. Thus, relative measures, such as energy imbalance, have higher sensitivity to physics effects.
V. DISCUSSION
Our previous results [16] have shown similarity of the jet-like peaks not only on the near-side, but also on the away-side of the primary high-p T trigger between central Au+Au and d+Au data for the hadrons in the kinematic range of p T > 1.5 GeV/c associated with the back-toback high-p T trigger pair. In addition, no evidence of the "dip" or "ridge" measured in di-hadron correlations with respect to a single trigger of similar kinematic selection is present in the "2+1" correlations reported in [16] . This similarity in the correlation shapes was further supported by the similarities in the associated hadron p T distributions. Significant softening of the away-side spectra observed in di-hadron correlations [1] , one of the known indications of energy deposition into the medium, was not evident in these "2+1" data. A simple accommodation for the observed differences between di-hadron and [8, 10] GeV, the bottom row -for [10, 15] GeV. For all correlations the away-side trigger pT is in [4, 10] GeV/c. From left to right the associated pT ranges are [1, 10] GeV/c, [1.5,10] GeV/c, [2, 10] GeV/c, and [2.5,10] GeV/c.
"2+1" correlation results could be provided by the tangential di-jet emission scenario. In the presence of very strong energy loss in the core of the medium, only backto-back parton pairs produced close to the surface and traversing the minimal amount of the medium could be recovered in the analysis. The Au+Au correlation functions would then naturally become similar to those of d+Au. The "2+1" results from symmetric triggers do not, however, exclude path-length dependent energy scenario, where finite in-medium energy loss is followed by in-vacuum fragmentation, for all di-jets. By increasing the asymmetry in transverse momentum between the two back-to-back trigger hadrons one may control the degree of the surface bias, and thus the in-medium path-length traversed by the parton. The path-length effects on energy loss then could be studied through the imbalance induced by the jet-medium interaction on the final energies of each side of di-jet.
In this work the asymmetry between the back-to-back triggers is exceeding a factor of two, however, the correlations still show similar jet-like peak shapes and magnitudes from d+Au to central Au+Au collisions for both the near-and away-sides. No evident ridge or dip structure is observed at either near-/away-side in the Au+Au data. We point out that statistical limitations prevent the complete exclusion of a ridge [3] , which could have a very small magnitude in the high-p T trigger regime studied here. The absence of strong modifications in the Au+Au correlations relative to d+Au signifies the intensity of jet-medium interactions, as the recovered di-jets still appear to have significant surface bias even for the large trigger asymmetry. We note an increase in the correlation magnitude on away-side with respect to nearside in both Au+Au and d+Au correlations for our most asymmetric trigger pair selection. This increase by itself, as observed in both systems, is likely not related (or not in full) to the parton/jet energy loss. Since the trigger pairs pre-selected some di-jet asymmetry, the total yields and Σp T of the associated particles from the higher-energy-trigger side must be lower due to energy conservation without any energy loss. Hence the relative change between Au+Au and the reference d+Au data is a more relevant measure. Additionally, since the majority of the systematic errors are strongly correlated in this analysis between the near-and away-sides, the measurements of relative differences also have an advantage from experimental point. The spectra of associated charged particles for each trigger side from central Au+Au events are compared to the corresponding distributions from d+Au data in Fig. 8 and Fig. 9 . The ratios of Au+Au to d+Au spectra are close to unity and have no prominent p T dependence, indicating that the softening or suppression, if present, is not nearly as strong as observed in the single particle R AA .
An additional factor to consider in the comparisons is a possible direct-γ contamination of the primary triggers measured by BEMC clusters, since the near-side yields of direct-γ triggers are expected to be close to zero [27, 28] , potentially reducing the per-trigger measured yields on the near-side. While the primary triggers from BEMC clusters of 8 < E T1 T < 15 GeV are dominated by photon pairs from π 0 decays, grouped into the same BEMC cluster due to large tower size, the direct γ contamination may not be negligible over the E T range of this study [20] . We expect, however, that such direct-γ contamination would reduce the energy imbalance measured if affecting it at all: since no in-medium energy loss is expected for direct-γ, the away-side jet corresponding to such trigger would be relatively higher than that of π 0 trigger due to the away-side (reverse) surface bias. Meanwhile, the consistent magnitudes of the near-side Au+Au and d+Au correlation functions indicate that the contribution of direct-γ triggers is relatively small. In short, the "2+1" correlations can be used as tool for more differential measurements of path-length effects on in-medium energy loss for hard scattered partons.
The difference between the near-and away-side jet energy is used to quantify the medium effects. The jet energy is estimated by summing the E T (p T ) of trigger and associated charged particles within the 0.5x0.5 (∆η x ∆φ) area of each trigger in the kinematic range used in this analysis. The imbalance between the near-and away-sides is measured by the difference of the corresponding energy sums:
This energy imbalance, ∆(ΣE T ), has smaller systematic uncertainty than energy sums for the correlated peaks themselves, as most sources of systematic errors cancel out as discussed above. A non-zero value of ∆(ΣE T ) could result from QGP medium effects and/or the known k T -effects characteristic for back-to-back partons [29] . To disentangle these two contributions the measured energy imbalance for di-jets from central Au+Au events is compared with the corresponding value obtained from d+Au data with the same trigger/associated particle p T cuts. The energy imbalance for symmetric trigger pairs [16] was found to be 1.59 ± 0.19 GeV/c in central Au+Au collisions, similar to the value of 1.65 ± 0.39 GeV/c reported for the minimum bias d+Au data. This value is also close to the initial state k T effects of ∼1.6 GeV/c estimated in di-jet correlation [9] and disfavors additional partonic energy loss into the medium for these Au+Au data. The detailed results for our new measurement for the asymmetric trigger pairs are summarized in Tables  I and II. In each table, [8, 10] GeV, the open squares - [10, 15] GeV. The solid data point is the result for symmetric trigger pairs from previous STAR paper [16] . The x-axis shows lower threshold of the transverse momentum selection for associated hadrons.
The observed relative energy imbalance
between Au+Au and d+Au for the asymmetric trigger pairs studied is consistent with non-zero values. The relative imbalance is consistently higher for all associated hadron selections for more asymmetric triggers, as expected if larger asymmetries are related to longer paths traversed and higher energy loss. The measured values of relative energy imbalance are significantly smaller than the theoretical prediction for in-medium energy deposition based on path-dependent energy loss [9] . In this model approximately 3 GeV is expected for our asymmetric case.
The "2+1" results for both symmetric and asymmetric trigger pairs seem to favor much stronger surface bias than expected in theory and thus point to stronger path-length dependence of energy loss. Also, as previously discussed, any direct-γ contamination to our primary trigger sample would reduce the observed 
assoc,away T energy imbalance, leading to even greater discrepancy between the data and the theory. We note, however, that if part of energy deposited to the medium by the traversing parton produces hadrons that remain within the angular selection of our jet-peaks, it will not be observed in the relative imbalance variable. Thus it is possible, that we only measure part of the lost energy that got redistributed to hadrons that are softer than those considered in this study, or that were radiated at larger angles than those included in our jet-cone selection. The dependence of observed energy imbalance on the associated hadron p T seems to confirm this idea. The relative imbalance is found largest for the highest associated hadron p T bin studied, reaching the value ∼1.5 GeV/c, and decreasing for the softer associated hadrons to approximately ∼1 GeV/c. This trend can indicate that the jet fragmentation is shifted to the lower p T regime (softening), or that the lower energy fragmentation products are at larger angles from the jet axis (broadening). The later is less likely due to consistent jet-like peak widths observed in Au+Au and d+Au events. In either of the two cases, in the limit of associated hadron p T approaching zero, the value of relative ∆(ΣE T ) Au+Au − ∆(ΣE T ) d+Au consistent with zero would indicate that full jet energy is recovered. Extrapolating our data to very low momenta, albeit large uncertainties, seems consistent with this scenario.
Additional information could be obtained from the relative di-jet production rates. For the surface-emission scenario the jets and di-jets production rates are determined by the surface volume of the fireball. In simplest implementation of this scenario the medium in heavy-ion collisions is modeled consisting of a completely opaque core (leading to full jet absorption) surrounded by a permeable corona (with no jet-medium interactions). In such a model a parton (jet) will survive with no energy loss or modifications if the underlying hard-scattering happened in the corona region and the scattered parton did not pass through the core. A Monte Carlo Glauber model based on such a model was compared to the early di-jet production rates in [16] . The size of the permeable corona was first determined from tuning to the measured single charged hadron R AA results from RHIC. It was then used to predict the di-jet survival probability for the back-to-back triggers. To minimize systematic uncertainties related to the determination of the number of binary collisions (N coll ) and the number of participating nucleons (N part ) in the Glauber model, the double ratios measuring conditional di-jet survival probability were used. Such a double ratio, I , constructed from nuclear modification factors (R AA , the binary scaled ratios of the observables in Au+Au and d+Au collisions), reflects any changes in probability to find an away-side trigger for each primary trigger ob-served in Au+Au data relative to d+Au. In the earlier work the value I Au+Au d+Au = 0.20 ± 0.05 for the symmetric trigger pairs was found qualitatively consistent with the estimates of a simplistic core/corona model [16] . The dijet survival probability was calculated the same way in this work for the new asymmetric trigger data. These additional new points for the 0-20% central Au+Au data are included in Fig. 11 which reproduces the plot from the previous work. We find the conditional survival rate I Au+Au d+Au for the asymmetric trigger pairs to be 0.26 ± 0.05 for E T1 T ∈ [8, 10] GeV, and 0.32 ± 0.06 for E T1 T ∈ [10, 15] GeV. We note that the dominant source of systematic uncertainties comes from N bin calculation in the Glauber model, which is then fully correlated between the data points of the same centrality bin (new values) and largely correlated between the values for central collisions between the data from different runs. So the slight increase in di-jet conditional survival with increasing trigger pair asymmetry points to higher in-medium path-lengths, which is consistent with our conclusions based on the relative energy imbalance. In other words, the new values of I Au+Au d+Au indicate that jets triggered by those more asymmetric back-to-back pairs are emerging from deeper within the "core" of the medium compared to a more symmetric pair selection. as a function of centrality. The circles show data from [16] . Filled symbols show new measured ratios for the asymmetric trigger pairs with primary triggers of [8, 10] GeV and [10, 15] GeV. The band shows the expectation for di-jet surface emission ("corona" only) rates from [16] .
VI. SUMMARY
Jet-medium interactions were studied via a "2+1" multi-hadron correlation technique. For both symmetric and asymmetric trigger pairs, the distributions of associated hadrons and their spectra show no strong shape modifications from d+Au to central Au+Au collisions on both near-and away-trigger sides. This is in contrast to the di-hadron correlation results with respect to a single high-p T trigger. In addition, no evidence of the near-side "ridge" [3] or the away-side "shoulders" [2] was observed in these "2+1" correlations. The relative total transverse momentum imbalance was measured as an excess in the difference between the sum of the momentum (or energy) for hadrons attributed to the near-side and away-side jetlike peaks in Au+Au with respect to the reference d+Au data. The relative imbalance of Au+Au over d+Au has been shown to be non-zero for the asymmetric trigger pair selections, and increasing with the asymmetry of the trigger pair. This is consistent with expected medium effects for partons probing deeper within the medium. This challenges the simplistic implementation of the full absorption "core/corona" model, which captured well the centrality trend of di-jet production rates for the symmetric triggers. The relative imbalance is found largest for the highest associated hadron p T bin studied, reaching the value ∼1.5 GeV/c, and decreasing for the softer associated hadrons. This trend indicates that the energy missing from the away-side peak at higher associated momenta is converted into softer hadrons. The measured relative imbalance for all bins is less than the theoretical predictions for total in-medium energy deposition for such trigger pairs of ∼3 GeV/c in the path-length dependent energy loss model [9] . We note, however, that if part of energy deposited to the medium by the traversing parton produces hadrons that remain within the angular selection of our jet-peaks, it will not be observed in the relative imbalance variable.
